Bottom-up or top-down – How is the autotrophic picoplankton mainly controlled? Results of long-term investigations from two drinking water reservoirs of different trophic state  by Horn, Heidemarie & Horn, Wolfgang
ARTICLE IN PRESS0075-9511/$ - se
doi:10.1016/j.lim
Correspond
E-mail addrLimnologica 38 (2008) 302–312
www.elsevier.de/limnoBottom-up or top-down – How is the autotrophic picoplankton mainly
controlled? Results of long-term investigations from two drinking
water reservoirs of different trophic state
Heidemarie Horn, Wolfgang Horn
Saxon Academy of Sciences at Leipzig, Research Group ‘‘Biotic Structure of Reservoirs’’,
Neunzehnhain Ecological Station, Neunzehnhainer Street 14, D-09514 Lengefeld, Germany
Received 15 April 2008; accepted 29 May 2008Abstract
In two reservoirs of different trophic state, the abundance of autotrophic picoplankton was continuously assessed
for 7 and 11 years, respectively. Simultaneously, other important environmental and biotic factors (nutrients,
temperature, phyto- and zooplankton) were analysed. The mesotrophic Saidenbach Reservoir receives ﬁve- to
sevenfold higher phosphorus imports, and exhibits twice higher phosphorus contents, and tenfold higher
phytoplankton concentrations than the oligotrophic Neunzehnhain Reservoir. Despite these differences, the quantities
and dynamics of autotrophic picoplankton (APP) showed remarkable similarities in both reservoirs. The APP
consisted almost exclusively of Phycoerythrin-rich cyanobacteria. A notable growth of cyanobacteria never started
before the onset of stratiﬁcation and ﬁnished no later than the beginning of the autumnal turnover. Although the
soluble reactive phosphorus (SRP) concentrations in the epilimnion were always near the limit of detection, there was
no evidence for growth restriction of APP by nutrients in either of the reservoirs. However, the data reveal a strong
grazing impact of all potential grazers, especially of the daphnids. This zooplankton group always showed a strict
behaviour opposite of the APP during its growth periods. The grazing inﬂuence of rotifers and protozoans is less
pronounced but also obvious, notable by the frequently observed inverse relationships between their quantities and
those of APP. It is assumed that during the stratiﬁcation period in the summer the APP dynamics is mainly top-down
controlled.
r 2008 Elsevier GmbH. All rights reserved.
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First incidental reports about the existence of the
smallest (0.2–2.0 mm) planktonic phototrophs appeared
as early as the second half of the last century (i.e. Rodhe,e front matter r 2008 Elsevier GmbH. All rights reserved.
no.2008.05.007
ing author. Tel./fax: +4937367 2501.
ess: horn.hw@t-online.de (H. Horn).1955; Drews et al., 1961; Bailey-Watts and Bindloss,
1968) but the intensive study of the autotrophic
picoplankton (APP) did not start until the last two
decades (Stockner, 1988). Since then numerous investi-
gations about APP were performed and the literature
about it has become very extensive, showing the great
importance in both marine and freshwater systems,
despite its frequently low absolute biomass. Particularly
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substantial component of the microbial loop and can
account for a remarkable share of production (i.e.
Weisse and Stockner, 1993; Callieri and Stockner, 2002).
There are many hypotheses generally accepted with
regard to APP: It is assumed that APP has the greatest
importance in waters with low nutrient supply, grows well
under low light conditions, and may be subjected to
strong grazing impact. However, because of many
contradictory ﬁndings to each of these assumptions, some
confusion remains, especially concerning plausible expla-
nations of the seasonal dynamics. One possible cause may
be the paucity of detailed long-term data (Callieri and
Stockner, 2002), but also such rare long-term investiga-
tions raise additional new questions because they show the
multiple cross-linkage with the pelagic nutritional network
(e.g. Gaedke and Weisse, 1998).Table 1. Characteristic data on the reservoirs and their catchment
Saidenb
(mean v
Catchment area: (km2) 60.7
Agriculturally used/forest (%) 73/19
Population (inhabitants km2) 66
Reservoir: Area (km2) 1.46
Volume (Miom3) 22.4
Maximum/mean depth (m) 45/15.3
Altitude (m a.s.l.) 439
Mean retention timea (a) 0.6
SRPa/TPa load (gm2 a1) 0.21/0.9
SRP/TP concentration (mgL1) 2.7/13.4
DOC (mgL1) 3.2
Secchi depth (m) 1.7–8.5
Trophic level Mesotro
Phytoplankton biovolume (mm3L1) 2.27
aMean values without 2002 (the year with an extremely high ﬂood) and in
of reﬁlling); Loads: data from Paul (unpublished); DOC: data from LTV (u
Fig. 1. Location of the studied reservoirs.The use of comprehensive long-term data on hydro-
physical, chemical and biological features of two
reservoirs of different trophic state will help to explain
the complicated mosaic of APP dynamics.Sites and methods
Both drinking water reservoirs investigated are
situated in the Erzgebirge Mountains, Germany
(Fig. 1). After the phosphorus loading concept of
Vollenweider, modiﬁed for soluble reactive phosphorus
(SRP) from Benndorf (1979), the Saidenbach Reservoir
(SR) has been mesotrophic since 1991 (Horn, 2003a)
whereas the Neunzehnhain Reservoir (NR) has
been oligotrophic from the beginning. The catchment
area of SR is densely populated and mainly used for
agricultural purposes, whereas that of NR contains
mainly forest and no settlements (Table 1). All relevant
biological (phytoplankton, zooplankton), chemical (e.g.
P, Si, N, O2, pH) and physical parameters (temperature,
turbidity, Secchi depth) were continuously assessed in
short-term intervals of 2 (SR) or 2–4 weeks (NR). Water
samples were taken with a Ruttner sampler in the main
basin near the dam from six to ten (SR, depending on
season) or four (NR) depths. The vertical distances of
sampling depths for nutrients, phytoplankton and APP
were 1–4m in the epi- and metalimnion and 5–10m
in the hypolimnion. Total phosphorus (TP) and
phosphate were analysed according to DIN 38405-
D11-1/4 (digestion with K2S2O8 under pressure, molyb-
denum blue method). The tributaries were sampled with
the same frequency for the calculation of nutrient loads.
The annual nutrient loads imported by the tributariesareas
ach Reservoir (SR)
alues since 1996)
Neunzehnhain Reservoir (NR)
(mean values since 2000)
13.7
18/80
0
0.289
2.93
31/10.1
525
0.8
4 0.04/0.13
1.5/6.6
2.7
4.5–11
phic Oligotrophic
0.36
Neunzehnhain Reservoir (NR), additionally, without of 2000 (the year
npublished).
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Fig. 2. The mean annual concentrations of total (TP) and
soluble reactive phosphorus (SRP) in Saidenbach (SR;
1996–2006) and Neunzehnhain Reservoir (NR; 2000–2006).
H. Horn, W. Horn / Limnologica 38 (2008) 302–312304were calculated according to Paul (2003). Phytoplank-
ton was counted with an Utermo¨hl microscope. The
calculation of the biovolume was based on our own
microscopic measurements. The zooplankton samples
were taken in ﬁve (SR) and two (NR) layers with closing
nets encompassing the entire water column (175 and
55 mm mesh sizes for crustaceans and rotifers, respec-
tively). More details concerning the reservoirs and
methods can be found in previous publications (Horn,
2003a, b; Horn and Horn, 1995).
Ciliates were assessed together with the phytoplank-
ton. However, because of their low numbers within the
counting chambers these data have an exceptionally
high counting error and must be used very carefully.
Uncertainty also exists in the case of heterotrophic
nanoﬂagellates. With the exception of some distinctive
species, on a number of occasions they could not be
separated from other ﬂagellates, without doubt, after
ﬁxation. Despite these uncertainties, both groups were
included in the evaluations because of their great
importance as grazers on picoplankton (i.e. Weisse
and Stockner, 1993; Simek et al., 1997).
In SR, the assessment of the autotrophic picoplank-
ton (APP) began in 1996. In this year, however, the
neighbouring NR was completely drained for the
purpose of restoring the dam. Therefore, the ﬁrst counts
of APP in NR did not begin until 2000, the year of
reﬁlling. The water was ﬁlled in dark bottles with
formaldehyde (ﬁnal concentration 1%), immediately
refrigerated and analysed as soon as possible (as a rule
within the following 3 days). After ﬁltration of 5–20mL
of the water sample through a 0.2 mm pore polycarbo-
nate membrane, the APP was counted with a ﬂuores-
cence microscope at a 500-fold magniﬁcation under
violet-blue (395–500 nm, eukaryote APP) and green
(520–560 nm, picocyanobacteria) excitation, as recom-
mended by MacIsaac and Stockner (1993).
For the calculation of vertically and temporally
weighted averages, the different vertical distances be-
tween sampling depths and the occasionally less frequent
samplings during the period of ice cover were considered.
Mean values over the whole water column (and not the
epilimnetic means) were used for the interpretations to
include the occasional occurrence of higher concentra-
tions of zooplankton or APP below the thermocline or
the different vertical distribution of both components.
Regression analyses were performed to detect relation-
ships between APP numbers and other parameters.Results
Nutrient conditions
Fig. 2 presents the annual mean of phosphorus
concentrations in the two reservoirs. With the exceptionof the year 2000, when NR was reﬁlled after restoration,
the measured total and dissolved P concentrations of
NR amount to only about 50% in comparison to SR.
The calculations of P-imports show that the differences
of loads are considerably larger than P concentrations
(Table 1): on the average nearly ﬁve times more SRP,
and six times more TP enter SR compared with the
loads entering NR. Because of the agricultural use in
portions of the catchment areas, the nitrogen loads
entering the reservoirs are relatively high, resulting in
average nitrogen concentrations of about 20 and
11mgNO3L
1 in SR and NR, respectively. They show
only minimal seasonal dynamics and it is assumed that
nitrogen is at no time a limiting factor for the growth of
any phototrophs.Phytoplankton 42 lm
According to the much higher P supply in SR the
observed mean phytoplankton concentrations showed
distinct differences: the average phytoplankton biovo-
lume in SR (as mean of 1996–2006) amounts to
2.27mm3L1, whereas in NR it attains only
0.36mm3L1 (2000–2006) (Fig. 3, Table 1). In SR,
diatoms were strongly dominating in all years under
investigation with 75% of the total biovolume, followed
by large colony forming cyanophytes (14%) (compare
Horn, 2003a). The most important phytoplankton
organisms in NR, however, were the chrysophytes with
nearly 40% of the total biovolume. Dinophytes and
cryptophytes contributed 15% each, whereas diatoms
and large cyanophytes were of little importance in NR.APP composition
According to the predominant pigments, three main
groups of APP could be differentiated (Fig. 4): In both
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Fig. 3. The long-term development of phytoplankton biovo-
lume in Saidenbach Reservoir (SR; 1996–2006) and Neun-
zehnhain Reservoir (NR; 2000–2006).
Fig. 4. The average composition of APP in Saidenbach
Reservoir (SR) and Neunzehnhain Reservoir (NR) with regard
to the mean annual cell numbers (cells) and biovolume
concentrations (biov). PE-APP: Phycoerythrin-rich APP, PC-
APP: Phycocyanin-rich APP, Eu-APP: Eukaryotic APP.
H. Horn, W. Horn / Limnologica 38 (2008) 302–312 305reservoirs, Phycoerythrin-rich cyanobacteria (PE-APP,
solitary oval cells of 1–2 0.5–1mm, very rarely aggre-
gated, orange ﬂuorescence under green excitation)
were the dominant APP during all years under investiga-
tion. Phycocyanin-rich cyanobacteria (PC-APP, mostly
oval, solitary cells, but with 1.5–2 1–1.5mm a
little bit larger and deeply red ﬂuorescing under green
excitation) were the second group, seldom reaching 10%.
According to Komarek (1996), the phenotype of the
cyanobacteria observed in both reservoirs corresponds
to Cyanobium plancticum. Eukaryotic picoplankton
(Eu-APP, mostly solitary, round cells with a size of
1.5–2.5 mm, rarely as aggregates) was the last group.
Similar to the PC-APP, the Eu-APP was found in
relatively low numbers. In addition, within each group,
two size classes were differentiated as well as single cells
and small aggregates/colonies up to 20 cells. Big colony
forming cyanobacteria, however, such as species of
Aphanothece or Cyanodictyon, frequently occurring
during summer in SR were not included in the APP
counts.Seasonal succession and inter-annual variation of
APP
The APP of the SR always showed a typical seasonal
pattern with a ﬁrst peak in early summer (starting usually
in May/June after the beginning of stratiﬁcation) and a
second maximum in August/September (Fig. 5). How-
ever, the ﬁrst, and generally lower, peak of APP was
never connected with the spring bloom of phytoplankton
in SR, because the latter was always starting already
during the spring full circulation. In NR, two peaks were
observed in four of the years under investigation, in the
other 3 years, only one mass development occurred
(Fig. 5). The maxima were always dominated by the
PE-APP both in SR and in NR. PC-APP and Eu-APP
were one order of magnitude lower. Eu-APP dominated
during a short period in the winter/spring in a few of the
years during the investigation when the absolute numbers
of cyanobacteria were very low.
The mean annual cell counts of APP reveal that
considerable inter-annual variations are possible
(Fig. 6): Especially in 2004 and 2005, much higher
concentrations of APP could be observed simulta-
neously in both reservoirs. The maximum observed cell
numbers of APP in the summer of these years accounted
for 3.54 106 cellsmL1 in SR and 0.96 106 cellsmL1
in NR, i.e. up to tenfold higher concentrations than in
other years.Grazers
Among the crustaceans, the cladocera are known to
be the most efﬁcient grazers on APP despite the low
quality of these organisms as a food source. In both
reservoirs, only one Daphnia species is dominating
within the cladocera, usually comprising more than
90% of the biovolume of this group: D. galeata in SR
and D. rosea in NR. Cladocera play an important role
within the total crustaceans (annual means ranged
between 30% and 50%). In SR, higher numbers of
daphnids were always observed. The long-term annual
mean biovolumes of D. galeata in SR and D. rosea in
NR were 64.2 and 35.7mm3m3, respectively (Fig. 7).
The mean biovolume of rotifers in NR was lower than
that in SR (Fig. 7), but the differences were not overly
large. The dominant species are the same in both
reservoirs, namely Kellicottia longispina, Polyarthra
dolichoptera/vulgaris and Keratella cochlearis, common
ﬁlter feeders as most of the other observed rotifers.
Similar to other grazers, the mean annual biovolumes
of ciliates and heterotrophic nanoﬂagellates (HNF) were
always distinctly lower in NR compared to SR (Fig. 7).
A graphical representation of the relationship be-
tween densities of APP and their grazers clearly suggests
a strong grazing impact (Fig. 8). High densities of all
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Fig. 6. The long-term development of the three APP groups
and the ratio of APP to phytoplankton 42 mm in Saidenbach
Reservoir (SR; 1996–2006) and Neunzehnhain Reservoir (NR;
2000–2006). PE-APP: Phycoerythrin-rich APP, PC-APP:
Phycocyanin-rich APP, Eu-APP: Eukaryotic APP, APP/Phy:
Autotrophic Picoplankton/Phytoplankton.
H. Horn, W. Horn / Limnologica 38 (2008) 302–312 307potential grazers were always associated with low APP
densities, whereas at low grazer densities APP values
were variable. Accordingly, a statistically signiﬁcant
negative correlation could only be ascertained for the
relation Daphnia – APP in NR (Table 2).Discussion
Similarities and differences in both reservoirs
Despite the much higher phosphorus supply in SR
and the distinct differences in phytoplankton concentra-
tions, succession and composition, the APP dynamics
showed some similarities in both reservoirs:(i)Fig. 7. The mean annual biovolumes of Daphnia, rotifers,
ciliates and HNF in Saidenbach (SR; 1996–2006) and
Neunzehnhain Reservoir (NR; 2000–2006).With regard to the morphotype, the APP composi-
tion seems to be nearly the same (Fig. 4): PE-APP
was always dominating, while PC-APP and Eu-APP
remained unimportant for all years investigated,
except during some years in winter at generally low
densities. Small maxima of Eu-APP in winter were
similarly observed by other authors (i.e. Hepperle
and Krienitz, 2001). Such an extreme predominance
of PE-rich cyanobacteria was observed in other
water bodies of different trophic state as well (i.e.
Stockner and Shortreed, 1991; Callieri and Pinolini,
1995; Crosbie et al., 2003). However, the portion of
PC-APP in SR was distinctly higher compared to
NR, a feature which could often be ascertained in
more productive waters. In oligotrophic lakes, on
the other hand, the light regime particularly favours
the PE-rich APP (Crosbie et al., 2003).(ii) Also, the observed APP abundances, their seasonal
dynamics, and even inter-annual variations were
similar in all years (Figs. 5 and 6). The general
seasonal pattern is the same as in many other water
bodies, i.e. Lake Constance (Gaedke and Weisse,
1998) or Lake Lago Maggiore (Callieri and Stock-
ner, 2002). But it was remarkable that, with
exception of 2006, similarly high concentrations
ARTICLE IN PRESS
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H. Horn, W. Horn / Limnologica 38 (2008) 302–312308were observed in the oligotrophic, nutrient poor NR
and in the mesotrophic SR: The long-term mean of
APP in SR was only slightly higher (1996–2006:
0.0355mm3L1) than in NR (2000–2006:
0.0338mm3L1). Even more surprising was the
three- to four-fold increase of APP numbers in
2004 and 2005 which occurred simultaneously in
both reservoirs. All possibilities of methodological
modiﬁcations were checked, but there were no
changes in the equipment of the microscopes, the
counting techniques, or the calculation programs.
The samples of both reservoirs were analysed by two
different individuals. Besides, the strong increases of
APP numbers could be observed only in the
summer. Such high cell numbers (in the order
of 106 cellsmL1, an order of magnitude higher
than in other years) have not frequently been
observed in comparable water bodies to date
(Hawley and Whitton, 1991; Hepperle and Krienitz,
2001; Koma´rkova´, 2002; Callieri and Stockner,
2002).Due to the nearly ten-fold higher phytoplankton
biovolume in SR, the relative contribution of APP to
total autotrophic plankton was clearly higher in the
nutrient- and phytoplankton-poor NR. It constituted
between 0.8% (2000, year of reﬁlling) and 18.6% (2005),
whereas in the SR the mean annual portion varied only
between 0.5% (1998) and 4.5% (2006). Therefore, the
ratio between picophytoplankton and the phytoplank-
ton 42 mm was substantially higher in the NR than in
the neighbouring SR (Fig. 6). A relationship between
these two size classes of autotrophic plankton could
never be found.Hydrophysical conditions
Although no direct relationship between temperature
and APP growth could be proven, the importance of
hydrophysical conditions is obvious: In all years, a
pronounced growth of picoplanktic cyanobacteria was
never observed before May, i.e. after the water had
stratiﬁed and a warm epilimnion (49 1C) with an
improved light climate had developed (Fig. 5). All
vertical proﬁles showed that the epilimnion is the
favoured water layer of the cyanobacterial picoplank-
ton. High concentrations below the thermocline were
rarely observed. Concomitantly with the onset of
circulation in the autumn the development of APP was8. Relationship between mean daily abundances of APP
those of HNF, ciliates, rotifers and Daphnia during the
th seasons (May–November) in Saidenbach Reservoir
; 1996–2006) and Neunzehnhain Reservoir (NR;
0–2006).
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Table 2. Values of the correlation coefﬁcient (r) between the annual means of concentrations of APP and the annual means of
abundances of daphnids, rotifers, ciliates and HNF in the Saidenbach (SR; 1996–2006) and Neunzehnhain Reservoir (NR;
2000–2006)
Number of years Daphnia Rotifers Ciliates HNF
APP in SR 11 ns ns ns ns
APP in NR 7 0.780 ns ns ns
po0.025.
H. Horn, W. Horn / Limnologica 38 (2008) 302–312 309ﬁnished. It has already been shown by other authors,
too, that high APP numbers are strictly related to water
stratiﬁcation and that there is a clear positive inﬂuence
of higher water temperatures and better light availability
(e.g. Crosbie et al., 2003; Gaedke and Weisse, 1998;
Callieri and Piscia, 2002).
Nutrient supply
The model of Stockner (1991), that the abundance of
APP increases and its relative importance decreases with
increasing P contents of lakes, can only be conﬁrmed for
the second part of this statement, i.e., in all years, the
relative contribution of APP was clearly lower in SR
than in NR (Fig. 6). However, with the exception of the
last year, 2006, when the concentrations of APP in NR
were distinctly lower, the absolute APP concentrations
in the oligotrophic NR were comparable, or sometimes
higher, than in the neighbouring mesotrophic SR with
its considerably higher P supply in all years under
investigation. No signiﬁcant correlations were detected
between abundances of APP and P concentrations. This
could be an indication of the minimal importance of the
current P supply for the APP dynamics in both
reservoirs. Although nothing is known about the real
turnover of APP, it seems likely that phosphorus is not
the limiting factor for the APP production in the two
reservoirs. This is supported by the lack of any
relationship between APP and phytoplankton 42 mm,
suggesting no obvious competition between these two
autotrophic plankton size classes. Also, other authors
have reported that higher concentrations (or even an
addition) of nutrients may not necessarily lead to
increased APP abundances (e.g. Hawley and Whitton,
1991; Pinel-Alloul et al., 1996; Schallenberg and Burns,
2001; Drakare et al., 2003). This also seems to be valid
for the process of nutrient decrease. Callieri and Piscia
(2002) reported, for example, that the APP numbers
have tripled in Lago Maggiore after its return to
oligotrophic conditions.
Grazing impact
Conspicuous dependences, however, could be de-
tected between the APP numbers and those of zoo-
plankton and HNF. Daphnids, in particular, obviouslyexert a great impact on APP. In both reservoirs, high
concentrations of APP were only observed when the
density of Daphnia was low and vice versa (Figs. 5
and 8). The growth of the daphnids always seemed to be
decisively responsible for the collapse of the ﬁrst APP
maximum. The second peak of APP was only possible
because the Daphnia numbers in August/September
were regularly low. Despite the frequently described
low food quality of APP, especially for the daphnids
(DeMott and Mu¨ller-Navarra, 1997; Von Elert and
Wolffrom, 2001), it can be assumed that APP is a food
which is easily removed from the water. Many
investigations have shown by experiments or ﬁeld
observations that daphnids are able to feed on sources
with a wide-ranging particle size (1–50 mm) including
APP (i.e. Drews et al., 1961; Gophen and Geller, 1984;
Horn, 1985; Gaedke and Weisse, 1998; Ju¨rgens and
Jeppesen, 2000). The strong grazing impact on APP is
also in accordance with the ﬁndings of Benndorf (1995)
and Benndorf et al. (2002). They found that in non-
eutrophic waters with sufﬁcient densities of crustaceans,
the edible phytoplankton is controlled mainly top-down
by a strong grazing pressure, whereas total phytoplank-
ton is rather bottom-up controlled. In the biomanipu-
lated Bautzen Reservoir, Benndorf (1997) showed a
similar inverse relation between the APP concentration
and the biomass of D. galeata. The author states a
Daphnia abundance of 3mg fresh weight L1 could
totally suppress APP growth. This is, however, much
more than in the reservoirs investigated here. Fig. 8
shows that biovolumes of daphnids of 0.2mm3L1 in
NR and 0.4mm3L1 in SR seem to be sufﬁcient for
preventing any larger development of APP. On the other
hand, inverse relationships do not only exist between
APP and daphnids, but also between APP and rotifers,
ciliates and HNF (Fig. 8).
However, such inverse behaviour between the
APP and its possible grazers is no deﬁnite evidence
for a direct inﬂuence. Additional experiments to
determine grazing rates were not performed. Statistical
analyses yielded very weak correlations, signiﬁcant only
for the biovolumes of APP and daphnids in NR
(r ¼ 0.207, po0.05). All other relationships were
non-signiﬁcant. Also a statistical validation and com-
parison of the envelope curves in the plots (Fig. 8) would
not provide any evidence. There are many values for
ARTICLE IN PRESS
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both components, indicating that often other para-
meters are limiting the concentrations of food and/or
grazers. The detailed seasonal curves of all groups,
however, present important information with respect to
the importance of the single grazers. A consistently
opposite course to the abundances of APP is most
pronounced in the case of daphnids (Fig. 5). An
oppositional behaviour of rotifers and ciliates to APP
is visible, too, but less distinct and not so frequent,
whereby the ciliates more often develop during periods
out of the growth season of the APP than the rotifers.
The HNF, however, show their maximum developments
mainly in springtime before the start of APP growth
and their abundances in the summer are low and vary
only slightly. They are the only group showing positive
(but non-signiﬁcant) relationships to the APP in the
statistical analyses. Therefore, it can be assumed that
the inverse relationship between APP and HNF is made
stronger by temporally different seasonal dynamics than
in the case of the other groups. This does not exclude
the grazing inﬂuence of HNF on APP; rather it can
be interpreted that this group is subjected to similarly
strong grazing losses by zooplankton in the summer.
These ﬁndings conﬁrm the results of Ju¨rgens and
Jeppesen (2000). In their experiments, they observed a
strong predation effect of Daphnia on APP, a moderate
top-down control by rotifers but no indication that APP
were subject to signiﬁcant grazing losses by protozoans.
Usually, it is assumed that ciliates and HNF possess the
greatest grazing inﬂuence on the APP (i.e. Fahnenstiel
et al., 1991; Simek et al., 1997). Nevertheless, there are
investigations which also demonstrate that sometimes
APP may not be controlled by HNF and/or ciliates
alone (Ju¨rgens and Jeppesen, 2000; Komarkova and
Simek, 2003).
Whereas the ability of daphnids, ciliates and HNF to
graze effectively on APP is demonstrated by many
investigations or experiments, the general importance of
bacteria, APP and protozoans as food sources for
rotifers, a major component of the plankton, has seldom
been evaluated. But rotifers are also able to efﬁciently
ﬁlter small size ranges down to 1 mm (Arndt, 1993;
Hwang and Heath, 1999). Stockner and Shortreed
(1989) showed that the greater abundance of small
rotifers was coupled to marked declines of algal
picoplankton. Wehr (1991) demonstrated the strong
inﬂuence of larger (mostly daphnids) and smaller
zooplankton (mainly rotifers) on the APP abundances
in his experiments.
All these results suggest that the seasonal dynamics of
APP seem to be decisively controlled by the grazing
losses caused by daphnids, rotifers, ciliates and HNF,
whereby the crustaceans obviously exert the strongest
impact. This seems probable since daphnids not only
compete with rotifers and protozoans for food but arealso able to disturb them (in the case of rotifers) or to
feed on them, respectively.
Coherent behaviour of APP in both reservoirs
The causes for the simultaneous increase of APP
numbers observed in 2004 and 2005 in both reservoirs,
with their separate catchment areas, could not be
ascertained beyond doubt. Composition and seasonal
occurrence of the grazers did not change distinctly. Also,
the inter-annual variations of grazer densities cannot be
made responsible without doubt. When the annual
means of APP biovolumes are compared with those of
daphnids, rotifers, ciliates and HNF, only one signiﬁ-
cant relationship becomes obvious, namely between the
APP and daphnids in NR (Table 2). Here, the APP
numbers dropped down again in 2006, possibly owing to
the strong increase of daphnids (Fig. 5). In SR, however,
the exceptionally high numbers of APP in 2004/05
cannot be explained by lower numbers of Daphnia or
any other group of grazer. All relationships are non-
signiﬁcant (Table 2). In addition, unusual hydrophysical
or chemical conditions do not appear to be responsible
for the elevated APP levels. If the changes in both
reservoirs had been readily coherent processes, they
must be caused by regional meteorological (or anthro-
pogenic) inﬂuences. There were only two peculiarities in
these years concerning both reservoirs: (i) As the result
of an extreme drought, the water level was dropped
down by 13m in SR and more than 3m in NR until the
end of 2003. In 2004, the water was slowly rising again,
but both reservoirs were not completely ﬁlled until the
end of the year. (ii) In 2005 all precipitations between
June and September were concentrated in a few heavy
rainfalls. It is assumed that these events, enhanced
resuspension in 2004 and regular short circuits in 2005
during the growth season, contributed high amounts of
additional organic matter and nutrients. However, there
was no evidence of increased P supply (Fig. 2) or a
clear response of the phytoplankton in either reservoir
(Fig. 3). Therefore, it is hypothesised that to a lesser
degree the increased P supply and, to a greater degree,
the possible addition of other substances (organic matter
or some special components of it, trace substances)
could have stimulated the intensiﬁed APP growth in
these 2 years.Conclusion(i) The long-term observations revealed at least two
unambiguous controlling factors:
J The start of the development of planktonic
picocyanobacteria was always connected with
the onset of stratiﬁcation. A remarkable growth
could not be detected before a stable and warm
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the whole season the epilimnion remained the
favoured water layer. Any stronger growth
ended no later than the beginning of the
turnover in autumn.
J The investigations provide clear evidence for
top-down control. During the summer, the
dynamics of picoplankton was substantially
controlled by grazing, especially by daphnids,
rotifers and ciliates. The annual course of the
Daphnia biomass in particular was strictly
opposite to the seasonal course of APP num-
bers. But also the inverse ratios between the
abundances of APP and those of the other
groups of zooplankton and protozoans are hints
to a substantial additional grazing pressure by
these groups.(ii) Although no evidence for a direct bottom-up
control of APP dynamics could be found, there is
no doubt that nutrients form the frame for the
potential APP production. The lacking relation-
ships between the available nutrient resources and
the APP concentrations may be the consequence of
the importance of grazing impact on this class of
small autotrophs. Grazers obviously mediate the
effects of nutrient deﬁciency decisively and, thus,
favour the growth of larger phytoplankton.(iii) The greatly increased APP concentrations in the
summers of 2004 and 2005 in both reservoirs cannot
be explained sufﬁciently. In NR, they could have
been caused by the signiﬁcant decrease in the
numbers of daphnids in these years, but the
decreased abundances of grazers cannot explain
the changes in SR. Coherent processes are possible
because in these years both reservoirs were sub-
jected to high water level changes and heavy
rainfalls, i.e. increased internal and external loads
of nutrients and organic matter. However, there is
no statistical proof for such an inﬂuence.Acknowledgements
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